In PC3 human prostate cancer cells, it has reported that experimental results with several doses of epidermal growth factor (EGF) showed abnormal dose-dependency of activation of EGF receptor (EGFR). This phenomenon cannot be explained with a traditional EGFR activation model that is widely used. In this paper, a new model which explains the abnormal response of EGFR in PC3 cells is presented. Our model introduces receptor "raft" on cell membrane, and the effect is evaluated with particle simulation. The simulation results successfully reproduce the drastic deactivation of EGFR inside raft with high dose EGF treatment. Therefore, our raft model is accepted as one of hypothetic models.
INTRODUCTION
Prostate cancer arises from abnormal self-propagation of prostate cells. In the context of being the highest rate of morbidity in U.S., the rate recently grows steadily in Japan. It is reported that prostate cancer incidence is causally related to several environmental factors including food life and genetic background. However, less is known about the molecular biological mechanism behind the abnormal proliferation in prostate cancer cells (McCubrey et al. [2007] ). Earlier relevant studies have revealed that EGFR receptor family and their downstream signal transduction pathways play a major role in the tumor growth (El Sheikh et al. [2004] ; Grasso et al. [1997] ; Koumakpayi et al. [2006] ). EGFR receptor is transmembrane tyrosine kinase, and its activation upon extracellular stimulus initiates the downstream protein-protein communication signal processing. Since the activation dynamics of EGFR receptors on cell membrane critically influences gene expression via signal transduction cascades, mathematical modeling that is capable of describing the behavior of receptor activation has attracted attention in cancer research (Nagashima et al. [2007] ). A previous study reported that experimental results with several doses of epidermal growth factor (EGF) showed abnormal dose-dependency of activation of EGF receptor (EGFR) in PC3 human prostate cancer cells ( Fig. 1 ) (Dana et al. [2010] ; Nakakuki et al. [2007] ). Especially, EGFR activity with 10 nM EGF rapidly decreased in one minute compared to those with other two doses, indicating that this phenomenon cannot be explained with a widelyused and traditional EGFR activation model (Kholodenko et al. [1999] ; Teramura et al. [2006] ). Then, S. Dana et al. proposed a modification of reaction scheme for receptor deactivation in the traditional model, and successfully reproduced the abnormal dose-dependency in silico. However, no experimental evidences to support the modified model have been reported so far, therefore, the mechanism behind the experimental results is still unknown. In this paper, a new hypothetic model, which explains the abnormal EGF dose-dependency of EGFR activation in PC3 cells, is presented. We assume that EGFR-"raft" (dense cluster of EGFR) is formed on cell membrane proving spatially-heterogeneous environment regarding receptor density, and therein the catalytic potential of EGFR phosphatase is enhanced depending on the density of activated EGFRs. Since the hypothesis requires to describe heterogeneity of receptor distribution, an ordinary differential equation model is not adequate for simulation. Therefore, we perform stochastic two-dimensional particle simulation in which the Hybrid Null-Event Monte Carlo Algorithm (HNEMCA) is employed (Mayawala et al. [2005a] ). It is concluded that our particle simulation suc- Fig. 1 . EGF-induced abnormal dose-dependency of activated EGFR shown in (Dana et al. [2010] ). Dashed line and triangles, 0.1 nM EGF; dashed-dotted line and squares, 1 nM EGF; solid line and diamonds, 10 nM EGF.
cessfully reproduces the target experimental data, and supports our hypothesis.
HYPOTHETIC MODEL
Although EGF-induced activation dynamics of EGFR is varied with cell line and experimental condition, it tends to be a monotonically increasing response regarding EGF concentration (Kholodenko et al. [1999] ; Nagashima et al. [2007] ; Teramura et al. [2006] ). For example, Fig. 2 shows simulation results with the Kholodenko model that is a typical biochemical reaction model on EGFR activation (Kholodenko et al. [1999] ), indicating that the responses gradually increase in an EGF dose dependent manner. On the other hand, according to the experimental data in Fig.  1 , the response with 10 nM EGF decreases rapidly much more than that of 1 nM EGF as mentioned in the previous section. Simulation of mathematical model depends on the parameters; however, the phenomenon cannot be reproduced by only modifying parameters of the Kholodenko model (Dana et al. [2010] ; Nakakuki et al. [2007] ). In order to explain the experimental data, we propose a new hypothesis as follows. First, we consider possible factors for the rapid deactivation in one minute. Then, they are mainly classified into two mechanisms, internalization and dephosphorylation. If EGFRs disappear from cell membrane by internalization, activity of EGFR also can decrease. However, since the time constant for internalization is relatively large (e.g. 10-20 minutes), the former cannot explain the rapid deactivation at around 1-5 minutes, indicating that the latter is adequate as the main factor. Next, we move on to the reason why such a drastic dephosphorylation can occur. Since dephosphorylation reaction is catalysed by protein phosphatase, there are two possibilities, abnormal dose-dependent change in the catalytic potential or environmental factors surrounding phosphatase. It is recently reported that activation dynamics of EGFR and the downstream signal transduction cascades are influenced by heterogeneity of EGFR distribution ("raft") on cell membrane (Azuma et al. [2006] ; Mayawala et al. [2005b] ). Here, we assume that the catalytic potential of phosphatase is enhanced by EGFR-raft as an environmental factor. If EGFR-raft is formed, most of EGFR activation arises inside there, implying that the "local" density of activated EGFRs in raft tends to be higher compared to without raft. Then, the phosphatase can efficiently dephosphorylate activated EGFRs therein with less movement. In addition, we assume that a number of phosphatases gather under raft, and keep staying there. Then, with a high dose of EGF, the catalytic potential as a group of phosphatases increases as a result of the local high density of activated EGFRs. It is difficult to exactly simulate our hypothetic model by ordinary differential equation since it requires to describe spacial heterogeneity of receptor distribution, which motivates us to employ particle simulation.
PARTICLE SIMULATION

Monte Carlo Algorithm
There are mainly two types of methods for particle simulation. One is based on the Gillespie's method, and some practical softwares are available for three-dimensional particle simulation of biomolecules (e.g. MesoRD). Another is based on the Monte Carlo method, and high-speed Monte Carlo algorithms have been proposed for twodimensional particle simulation. Especially, the Hybrid Null-Event Monte Carlo Algorithm (HNEMCA) is one of adequate methods to simulate dynamics of each receptor on cell membrane from the viewpoint of calculation cost (Chatterjee et al. [2007] ; Mayawala et al. [2005a] ; Ogawa et al. [2010] ). Thus, we employ the HNEMCA as an engine 
A → C 1.000E-03 of our particle simulator. In our simulation, cell surface is approximated by flat surface and lattice (2 nm × 2 nm), and each EGFR randomly walks along the lattice with a transition probability that is calculated by diffusion coefficient. Additionally, the simulation is introduced periodic boundary condition. Other events include ligand binding and unbinding, receptor association and dissociation, phosphorylation, dephosphorylation and internalization. The flow chart of simulation algorithm is summarized in Fig. 3 . First, we configure simulation conditions and parameters (total number of EGFRs, cell membrane and raft areas and transition probabilities for all events, etc.). The transition probability of diffusion is defined by
where a is the lattice pixel dimension (taken here to be 2 nm) and D is the corresponding diffusivity of receptor. The nine reactions (dimerization, ligand binding, unbinding, phosphorylation, dephosphorylation and internalization) are categorized into six types as shown in Table 1 where reaction number is shown in Fig. 2 . Then, the transition probabilities are calculated by
Next, initial distribution of EGFRs on the plane is allocated in which almost all EGFRs are located in a limited squared area to mimic EGFR-raft. Simulation is performed iterating a set of processing (random selection of EGFR, calculation of the transition probabilities of all possible events for the molecule at the time, and stochastic selection of event to be executed). Although time step is recalculated every iteration, time proceeds only when random walk of monomer out of EGFR-raft, which has the highest probability of all, is executed. We assume that under EGFR-raft, (i) phosphatase is accumulated due to high density of activated EGFRs, followed by increase in the catalytic potential for dephosphorylation, and (ii) the accumulated phosphoatases keep staying there. This specification is implemented by defining the transition probability of dephosphorylation depending on the local density of activated EGFRs. Here, the transition probability of dephosphorylation ("C → A" in reactions 7 and 8) is modified as follows.
αk (density of phosphorylated EGFRs over 1200 molecules/µm 2 )
where α = 20. Our simulation is developed with C language, and implemented in HITACHI HA8000 PC cluster system. For Fig. 2 , ordinary differential equation model is coded by MATLAB (MathWorks, inc). 
Simulation Results
Figs. 4 and 5 show snap shots of two-dimensional distribution of 50 EGFRs in the simulation area (800 nm × 800 nm) at a time after EGF stimulation without and with EGFR-raft (100 nm × 100 nm), respectively, indicating that raft is successfully constructed and maintained. The density is 77 molecules per µm 2 that corresponds to 1 × 10 5 EGFRs on whole cell membrane. The transition probabilities except diffusion are calculated based on the association and dissociation constants of rate equations in references. Averaged time-course curve of EGFR activation among 32 simulations is shown in Figs. 6 and 7. Without raft, as well as Fig. 2 , the activation increases in an EGF dose-dependent manner during whole simulation period (Fig. 6 ). On the other hand, with raft the activation by high-dose EGF rapidly decreases in one minute of which behavior is qualitatively very close to the experimental data in Fig. 1 . Therefore, we conclude that our hypothesis is acceptable to explain the mechanism.
CONCLUSION
In this paper, we propose the new hypothesis which is based on change in the catalytic potential of EGFR phosphatase under spacially-heterogeneous raft on cell membrane. We confirm the validity by using stochastic twodimensional particle simulation. Although an additional question about how phosphatases can gather and stay there emerges, if EGFR-raft is experimentally observed in PC3 cells, our model will contribute to elucidate the whole mechanism of abnormal EGF dose-dependent activation.
